Multimode fibers are widely explored for optical communication, imaging and sensing applications. The interference of fiber guided modes generates a speckle pattern, which has been used for highprecision spectroscopy, temperature, and strain sensing. Here we demonstrate a single-shot full-field temporal measurement technique based on a multimode fiber. The complex spatiotemporal speckle field is created by a reference pulse propagating through the fiber, and it interferes with a signal pulse. From the time-integrated interference pattern, both the amplitude and the phase of the signal are retrieved in spectral and temporal domains. The simplicity and high sensitivity of our scheme illustrate the potential of multimode fibers as versatile and multi-functional sensors.
INTRODUCTION
A multimode fiber (MMF) can be considered as a complex photonic structure [1, 2] with diverse degrees of freedom in space, time, spectrum and polarization. As these degrees of freedom are coupled, an MMF provides a versatile and multi-functional platform for communication [3, 4] , imaging [5] [6] [7] [8] and sensing applications [10] [11] [12] [13] [14] [15] [16] . The abundant spatial degrees of freedom have been utilized for controlling linear [17] [18] [19] [20] and nonlinear light propagation [21] [22] [23] [24] [25] in an MMF. The spatial, temporal, spectral or polarization states of transmitted light are manipulated by shaping the spatial wavefront of an incident beam. Hence, an MMF can function as a microscope [5] [6] [7] [8] , a reconfigurable waveplate [26] or a pulse shaper [17] [18] [19] [20] . In particular, the coupling between spatial and temporal degrees of freedom in an MMF enables tailoring the output state in time by manipulating the input state in space. However, the reverse process, i.e., extracting the input temporal shape from the output spatial profile of an MMF, has not been explored. It will open the possibility of using an MMF for temporal pulse measurement.
MMFs have already been employed for various sensing applications. For example, an MMF can be implemented to detect changes in temperature, refractive index and strain [9] [10] [11] [12] , because the speckle pattern, produced by the interference of guided modes, is sensitive to external perturbations. For optical coherence tomography (OCT), random temporal speckles generated by MMFs are used to image axial reflectivity profiles [27] . Furthermore, the dependence of the output spatial pattern on the input spectrum is utilized to transform an MMF into a compact and high-resolution spectrometer [13, 14] . However, only the spectral amplitude can be extracted in the spatial intensity pattern, not the spectral phase, which is needed for full-field temporal measurement.
In this work, we propose and realize a novel method based on an MMF for single-shot full-field measurement of optical pulses. It utilizes the complex yet deterministic spatiotemporal speckle field E(r, t) produced by a reference pulse f (t) propagating through an MMF. Such field E(r, t), which is two-dimensional (2D) in space r and one-dimensional (1D) in time t, interferes with the unknown field g(t) of a signal pulse that is mutually coherent with f (t). The interference pattern is integrated in time by a camera. From this pattern, both the spectral amplitude and the phase of the signal are retrieved. The Fourier transform gives the full field of g(t). The temporal resolution δt is set by the temporal speckle size, which is inversely proportional to the spectral bandwidth of the reference pulse δω. The temporal range of a single-shot measurement, ∆t, is set by the temporal length of the transmitted waveform, which is given by the inverse of the spectral correlation width ∆ω of the MMF. A fiber with stronger modal dispersion has faster spectral decorrelation, thus covering a longer time window.
Our scheme can be considered as parallel ghost imaging in time [28] . Compared to the conventional ghost imaging that relies on the sequential generation of different temporal waveforms [29] [30] [31] , the MMF simultaneously creates many distinct temporal speckle patterns, each at a different spatial location of the output facet, to sample the signal. The parallel sampling enables single-shot measurement, eliminating the requirement for repetitive signals.
RESULT
The proposed scheme is experimentally demonstrated in a Mach-Zehnder interferometric setup shown schematically in Fig. 1A . A 230-fs-long pulse from a mode-locked near-IR fiber laser (NKT, Onefive Origami) is split by a beam splitter into two paths, one is launched into the MMF for creation of the spatio-temporal speckle field E(r, t), and the other is sent to probe a sample placed in the other arm of the interferometer. The transmitted or reflected field g(t) from the sample is combined with E(r, t) by a second beam splitter. Since they are mutually coherent, they will interfere, as long as g(t) overlaps with E(r, t) in time, which is ensured by matching the optical path lengths of the two arms of the interferom- eter. To increase the temporal length of E(r, t), which determines the measurement range, we adjust the launch condition for the reference pulse into the MMF so that it excites many guided modes that propagate at different speeds. Due to modal dispersion, the transmitted pulse is broadened and distorted. The pulse shape varies spatially across the fiber facet. To have strong modal dispersion, we choose a step-index fiber (105 µm core, 0.22 NA, Thorlabs FG105LCA) of 1.8-meter length.
To calibrate the spatiotemporal speckle at the fiber output, we measure the transmitted field profile in the spectral domain with a tunable continuous-wave (CW) fiber laser. The laser wavelength λ is scanned from 1520 nm to 1570 nm with a step of 0.2 nm. This range fully covers the spectrum of the reference pulse, which is centered at λ = 1546 nm and has a full width at half maximum (FWHM) ∆λ = 12 nm, as reported in the Supplementary Materials, Section S1. To ensure the launch condition of the CW laser light into the MMF is identical to that of the pulsed laser, the outputs from both lasers are coupled into a single-mode fiber (SMF) switch. The CW light transmitted through the MMF is combined with that from the reference arm at a slight angle, producing spatial interference fringes. By applying a Hilbert filter in the Fourier domain of the recorded interference pattern, the amplitude and phase of the transmitted field at a single frequency ω are extracted. Scanning the frequency ω of the CW laser and repeating this off-axis holography measurement gives the frequency-resolved field transmission matrix T (r, ω). At both the input and the output of the MMF, only one polarization is selected.
After calibrating T (r, ω) of the MMF with the tunable CW laser, the input source is switched to a pulsed laser. The reference pulses are characterized by an autocorrelator and an optical spectrum analyzer (see details in the Supplementary Materials, Section S1). From these measurements, the spectral amplitude and phase of the reference field f (ω) are obtained. The Fourier transform F gives the temporal waveform f (t) = F[f (ω)] of the reference pulse that is injected into the MMF. The temporal shape and phase of the reference pulse are shown in the inset of output speckle pattern changes rapidly in time. At each spatial location, the distinct temporal waveform is composed of multiple speckles, as plotted in Fig. 1C .
The complex yet deterministic spatiotemporal speckles generated by the MMF enable single-shot full-field measurement of the unknown signal by interfering E(r, t) and g(t). The time-integrated interference pattern is recored by off-axis holography, I(r) = |E(r, t) + g(t)| 2 dt. The information of g(t) is encoded in the interference term
].Ĩ(r) is extracted with the same Hilbert filter used in the calibration of T (r, ω). In the frequency domain, the interference term
is the Fourier transform of g(t). This expression can be rewritten as a linear product of a matrix and a vector:
With T (r, ω) and f (ω) known, g(ω) is retrieved from I(r) by an iterative optimization algorithms. To account for temporal or spectral sparsity of g(ω), we deploy a compressive sensing algorithm FASTA [32] to solve the sparse least square optimization problem.
To find the temporal resolution, we compute the temporal correlation function of the spatiotemporal speckle field, C(∆t) ≡ E * (r, t)E(r, t + ∆t) , where ... denotes averaging over r and t. The FWHM of C(∆t) gives the average temporal speckle size δt = 230 fs, which determines the temporal resolution.
The temporal range of measurement ∆t is equal to the temporal length of E(r, t), which is inversely proportional to the width of the spectral correlation function C(∆ω) ≡ E * (r, ω)E(r, ω + ∆ω) . From the width of C(∆ω), we estimate ∆t to be about 35 ps. The time bandwidth product (TBP), defined by the ratio of the temporal range to the temporal resolution, is ∆t/δt = 152.
We first test our method by measuring single pulses propagating through the reference arm (without a sample) of the Mach-Zehnder interferometer with different delay times. By changing the length of the reference arm with a delay line, we vary the arrival time τ of the pulse. The zero delay time τ = 0 is set by the arrival time of the pulse when the length of the reference arm is matched to that of the fiber arm. Figure 2 shows the measurement results for two delay times τ = 0 (top row) and τ = 4 ps (bottom row). The left column shows the interference termĨ(r) extracted from the experimentally measured hologram in these two cases. Although the pulse shape remains the same, the spatial interference pattern is very different. It is because pulses with varying delays interfere with different parts of the spatiotemporal speckles from the MMF. The retrieved intensity and phase of the pulses in wavelength and time domains are plotted in the second and third columns. The recovered spectral intensity is consistent with the measurement using an optical spectral analyzer. While the recovered spectral phase is flat for τ = 0, it changes linearly for τ = 4 ps. These results are expected, as the slope of the spectral phase corresponds to the delay time. In the time domain, the arrival times of the recovered pulses agree with the values set by the delay line, and the temporal pulse shape is consistent with the autocorrelation trace (see Section S1 in the Supplementary Materials).
We next measure double pulses. Unstable doublepulsing is a common phenomenon for lasers that are overpumped, but it is difficult to detect with repetitive measurement techniques that rely on stable pulse trains. Our method can measure double pulses in a single shot. To produce double pulses, we first create 2.2-ps-long pulses by spectral filtering the output from a mode-locked fiber laser (Calmar Mendocino) (see the Supplementary Materials, Section S1). Then we insert a double-side-polished silicon wafer to the reference arm of the March-Zehnder interferometer as the sample. An incident pulse is reflected back and forth between the two surfaces of the wafer, creating multiple pulses in transmission. The distance between the pulses is determined by the wafer thickness and the incident angle. Fig. 3A shows the recovered spectral intensity, which exhibits a rapid oscillation. To verify the result, we also simulate the transmission spectrum of the silicon wafer using the transfer matrix method. The wafer thickness is 535 µm and the incident angle of the probe pulse is 1 degree (see the Supplementary Materials, Section S2). The simulated spectrum (black dotted line) agrees well with the recovered spectrum (red solid line). The recovered spectral phase, unwrapped and plotted by the blue solid line, features descending jumps at the frequencies of local minima for the spectral intensity. These phase jumps, together with the amplitude oscillations, are results of spectral interference of the double pulse, which is reconstructed from the Fourier transform of the recovered spectral field in Fig. 3B . The first pulse originates from direct transmission of the probe pulse through the wafer and the second pulse from two reflections within the wafer. They are spaced by 12.5 ps, which is consistent with the 3.75-mmlong one-round-trip optical path length. Because of the relatively low reflectivity of the silicon-air interface, the intensity ratio of the first pulse to the second pulse is 17.6. Although the second pulse is rather weak, it can still be recovered by our scheme, and the temporal shape agrees well with the simulation result. The temporal phases of the two pulses vary linearly, reflecting the absence of frequency chirp within each pulse.
Finally, we measure more complex pulses that are created by reflection from a silicon wafer. The interferometric setup is slightly modified to measure the pulses reflected by the sample in the reference arm (see the Supplementary Materials, Section S3). The recovered spectral intensity in Fig. 3C features interference fringes of higher contrast, and the spectral phase exhibits larger jumps than those in Fig. 3A . The Fourier transform of the recovered spectral field reveals three pulses in the time domain, as plotted in Figure 3 . The first pulse results from the direct reflection of the incident pulse by the front surface of the wafer, and the second pulse from direct reflection by the back surface. The intensity ratio of the second pulse to the first pulse in reflection is higher than that in transmission, leading to more pronounced interference fringes in the spectral domain. Nevertheless, the frequency spacing of the fringes, which is determined by the delay time between the two pulses, remains the same. Even the third pulse, generated by three reflections in the wafer, is still visible and recovered in our measurement. The recovered spectral and temporal intensities are in good agreement with the simulation results. The temporal phase within each of the three pulses increases linearly in time with the same slope, indicating each pulse has the same frequency and no chirp.
To reduce the pulse spacing, we switch to a second wafer of a smaller thickness (212 µm). The reconstructed pulses in reflection are shown in Fig. 3F . The delay time between adjacent pulses is reduced to 5 ps, corresponding to one round-trip in the silicon wafer. However, the relative intensities of the three pulses are not changed, as they are determined by the reflectivity of the siliconair interface. The shorter delay time corresponds to the larger spacing of spectral fringes, leading to a smaller number of fringes within the same frequency range in Fig. 3E . The recovered pulses have a slight overlap in time, again in good agreement with the simulation result.
DISCUSSION
In summary, we demonstrate a novel MMF-based scheme for the single-shot full-field measurement of complex pulses. We obtain a temporal resolution of 230 fs, a temporal range of ∼35 ps and a TBP of 152. The temporal resolution can be further enhanced by increasing the spectral bandwidth of the reference pulse. The temporal range of the single-shot measurement, which is governed by the spectral correlation width of the MMF, may be tuned independently of the temporal resolution. For example, using a 100-meter-long MMF will increase the temporal range to nanosecond [14] . The TBP is limited by the number of guided modes in the MMF, which may well exceed 1000 for a fiber with a large core and a high numerical aperture. Using a bundle of MMFs will further increase the TBP [33] .
Taking full advantage of the complex spatio-temporal speckles created by the reference pulse through an MMF, our scheme eliminates the mechanical scanning of the time delay between the signal and the reference. Furthermore, our method overcomes the limitation of spectral resolutions in spectral interferometry [34] [35] [36] [37] . Comparing to other single-shot methods based on nonlinear processes such as time lens [39] [40] [41] [42] [43] , our scheme is based on linear interferometry, which possesses a much higher sensitivity. With the knowledge of the reference pulse, as required by all linear interferometric methods [44] , it can measure non-reproducible and non-periodic ultra-weak signals. The reference pulse is not necessarily transformlimited, as long as its temporal/spectral amplitude and phase are known. Even without knowledge of the reference, the relative phase and amplitude change imposed by the sample can still be recovered (see Section S4 in the Supplementary Materials). The simplicity and high sensitivity of our method illustrate the potential of MMFs as versatile and multi-functional sensors.
SUPPLEMENTARY MATERIALS
Supplementary materials for this article are available at xxxx. Section S1. Calibrations of reference pulses. Section S2. Characterizations of silicon wafer samples. Section S3. Setup of the reflection measurement. Section S4. Measuring sample properties without a known reference pulse. Fig. S1 . Calibration of the NKT laser. Fig. S2 . Calibration of the Calmar laser. Fig. S3 . Transmission and reflection spectra of two silicon wafers. 
I. PULSE CALIBRATION
We have used two mode-locked fiber lasers to generate reference pulses. The first one is NKT Onefive Origami. When the diode current is set to 750 mA, the emission spectrum is centered at wavelength λ = 1546 nm and has a full width at half maximum (FWHM) of 12 nm. The spectrum of the pulse is measured by an optical spectrum analyzer (OSA, YOKOGAWA AQ6370D), and plotted in Fig. S1a . To obtain the temporal pulse shape, we measure the temporal autocorrelation trace of the pulse with an autocorrelator (Femtochrome FR-103XL), see Fig. S1b . We fit the spectral phase of the pulse (blue dashed line in Fig. S1a ) so that the corresponding autocorrelation trace (black dashed line in Fig. S1b ) matches well with the measured one. The FWHM of the pulse is 230 fs, as shown in the inset of Fig. 2a of the main text.
The second pulsed laser is Calmar Mendocino. By spectral filtering of the laser output, we obtain longer pulses. We use a fiber-based tunable filter and first set the center wavelength to 1532 nm and the FWHM to 10 nm. The measured spectrum of the filtered pulse is plotted in Fig. S2a , and the autocorrelation trace is shown in Fig. S2b . Again we fit the spectral phase of the filtered pulse (blue dashed line in Fig. S2a ) so that the autocorrelation traces agree well. Then we further reduce the FWHM of the spectral filter to 1 nm. The corresponding spectrum measured by the OSA is shown in Fig. S2c . The spectral phase within this narrow range is nearly constant so that the filtered pulse is almost transform-limited and has a length of 2.2 ps.
II. SAMPLE CHARACTERIZATION
The samples used in the temporal measurements described in the main text are two silicon wafers of thicknesses approximately 500 µm and 200 µm. To find the precise thickness of the samples and the incident angle of the probe light, we measure the transmission spectrum of the silicon wafer with the experimental setup shown in Fig. 2a in the main text. The wafer is placed in the reference arm and the fiber arm is blocked. By scanning the frequency of a CW laser, we measure the spatially integrated intensity of transmitted light with the camera as a function of wavelength. Then we simulate the transmission spectrum of a silicon wafer with the transfer matrix method. By matching the simulated spectrum (black dashed line in Fig. S3a ) to the measured one (red solid line), we find that the wafer thickness is 535 µm and the incident angle is 1
• .
III. REFLECTION MEASUREMENT
To measure the reflection from the sample, the experimental setup is slightly modified, as shown schematically in Fig. S4 . The reference arm is divided into two by a beam splitter (BS), one is the reflection from a mirror (M3), the other from the sample. When calibrating the field transmission matrix of the multimode fiber, a beam blocker is placed in front of the sample, and the reflection from the mirror M3 serves as the reference for off-axis holography. To measure the reflection from the sample, the beam blocker is placed in front of the mirror M3.
We use the tunable CW laser to measure the reflection spectrum of the silicon wafers, as plotted by red solid lines in Fig. S4b-c . By matching them to the transfer matrix simulation results (black dashed line), we find that the two wafers are 535 µm and 212 µm thick, and the angles of incidence are 3
• and 2
• , respectively. 
IV. CHARACTERIZING SAMPLE RESPONSE
Even if the reference pulse is unknown, our method can extract spectral/temporal response of the sample. Eq. (1) in the main text can be rewritten asĨ (r) = T (r, ω) T * (r, ω) f (ω)g
From the measured interference patternĨ(r), f * (ω)g(ω) is recovered. Then we remove the sample from the reference arm of the interferometer and repeat the measurement to get f * (ω)f (ω). The ratio f * (ω)g(ω)/f * (ω)f (ω) = g(ω)/f (ω) = h(ω) gives the spectral response of the sample, and its Fourier transform gives the temporal response h(t). Fig. 2a in the main text. The reference arm is divided into two by a beam splitter (BS). The beam blocker blocks the reflection from the sample during the calibration of the fiber transmission matrix, and it blocks the reflection from the mirror M3 in the measurement of reflection from the sample. The positions of the mirror M3 and the sample are adjusted to match the optical path-length to that of the fiber arm.
